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Abstract 
We investigate the shear thinning of red blood cell - dextran suspensions. Microscopic images 
show that at low polymer concentration, aggregation increases with increasing concentration 
until it reaches a maximum and then decreases again to non-aggregation. This bell shape 
dependency is also deduced from the rheological measurements, if the data are correctly 
normalized by the viscosity of the suspending phase since a significant amount of polymers 
adsorb to the cell surfaces. We find that the position of the maximum of this shear rate 
dependent bell shape increases with increasing viscosity of the suspending phase, which 
indicates a that the dynamic process of aggregation and disaggregation is coupled via 
hydrodynamic interactions. This hydrodynamic coupling can be suppressed by characterizing 
a suspension of 80% hematrocrit which yields good agreement with the results from the 
microscopical images. 
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Introduction 
It is known since the seminal works by Merril et al. (Merill et al. 1966) and Chien et al. 
(Chien et al. 1967) that the shear thinning of blood is caused by a reversible aggregation-
dissociation mechanism induced by the plasma proteins, mainly the fibrinogen (Baskurt et al. 
2012). The viscosity curve of washed red blood cells (RBC´s) in a buffer solution show very 
little shear thinning which results only from the deformability and orientability of the RBC´s 
(Maeda et al. 1983). Resuspending them in the plasma protein fibrinogen yields in a much 
more pronounced shear thinning of the suspension.  The invention of the rheoscope in the 
1970´s (Golstone et al. 1970) showed that this can be directly related to the formation of 
clusters of RBC´s at low shear rates. These clusters look similar to stacks of coins that is why 
they are also called rouleaux (fig. 1). Rouleaux formation has been studied in vitro frequently 
by replacing the fibrinogen by the neutral synthetic polymer dextran. Depending on the 
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Materials and methods 
Sample preparation 
Venous blood of at least three healthy donors was drawn into conventional 
ethylenediaminetetraacetic acid (EDTA) tubes (S-Monovette; Sarstedt, Nümbrecht, Germany) 
and washed three times (704 g, 3 min) with phosphate-buffered solution (PBS, Life 
Technologies, Waltham, MA, USA). This procedure results in a pellet which consists of 80% 
RBCs and 20% buffer solution, which was verified with a spun hematocrit centrifuge (ZFA 
(centrifuge), OSC.tec, Erding, Germany) at 10000 and 15000 g. 
The dextran solutions were prepared by adding dextran powder (Dextran 70kDa from 
leuconostoc mesenteroides, Sigma-Aldrich, St Louis, USA) to 1 ml PBS to create a stock 
solution, with x mg/ml of Dextran (x=0, 20, 40… mg/ml), where the 20% buffer solution in 
the pellet were taken into account for the determination of the final concentration. To obtain 
the solutions with RBC-dextran suspension, 4400 l washed RBC´s (consisting of 80% pure 
RBC´s and 20% PBS) were added to 3600 l of the stock solution. 
 
The supernatant and the pellet were prepared after the following protocol: The RBC-dextran 
suspensions were allowed to sediment in the gravitational field for one hour and were then 
centrifuged at 704 g for 3 min. The supernatant and the pellet were separated by pipette 
aspiration. Control experiments with a pure dextran solution showed that this protocol would 
not cause the dextran to sediment alone.  
To ensure that the elevated concentrations of dextran did not affect the RBC´s we checked for 
an increase of Ca2+ concentration in the suspending phase but we could not detect any. An 
increased level of Ca2+ is a typical indicator of a non-physiological or pathological process. 
Second we checked by visual inspection at large magnification that the RBC´s were still in 
their physiological discocyte state. 
                                                                                                                                       
Rheology 
Measurements were done at 23°C with a MCR 702 dual twin rheometer (Anton Paar, Graz, 
Austria). For the stock solutions, the supernatant and the pellet a cone-plate geometry 
(CP50/2° diameter: 50mm, angle: 2°) was used. To avoid any effect of sedimentation and to 
obtain a higher resolution at low shear rates the RBC suspensions at 45% hematocrit with 
dextran were characterized in a Taylor-Couette geometry (CC20 inner diameter of the outer 
cylinder: 22mm, diameter of the inner cylinder: 20mm, gap: 1mm, length:50mm ).  
The first protocol named "up" was performed by first pre-shearing the sample at 100 s-1 for 
one minute followed by a ramp of shear rates from 0.1 s-1  to 100 s-1 in 16 logarithmical steps 
with a waiting time of 30 seconds at each step and a time average over 25 seconds. The pre-
shearing time of 100 s-1 should assure a complete breaking of the rouleaux and we did not find 
any difference if we pre-sheared the sample for a longer time. The second protocol named 
"down" was performed by first pre-shearing the sample at 100 s-1 for one minute followed by 
a ramp of shear rates from 100 s-1 s to 0.01 s-1 in 21 logarithmical steps with a waiting time of 
30 seconds at each step and a time average over 25 seconds. In general we think that the data 
below 0.1 s-1 s must be taken with care and the error becomes significant.  In order to keep the 
time of our measurement as short as possible to avoid any effect of sedimentation etc. we 
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Results and discussion 
Microscopical measurements 
The confocal images illustrate the effect of rouleaux formation. Figure 1 (a) shows a sample 
without dextran and the RBC`s are distributed all over on the cover slip at the bottom of the 
well. Figure 1(b) shows a RBC suspension with a stock solution of 60 mg/ml dextran. 
Rouleaux are clearly to observe, with the RBC´s oriented perpendicular to the horizontal and 
therefore covering only a fraction of the bottom plate.  At higher concentrations, less rouleaux 
are observed again until they disappear completely at 120 mg/ml. Figure 1(c) shows a 
measurement at 60 mg/ml without the CellMask in bright light microscopy. Individual cells 
within a cluster are more difficult to recognize but the result is comparable to the 
measurements with the confocal microscope. 
 
Viscosity of the RBC suspensions 
Figure 3(a) and (c) show the viscosities of the RBC-dextran suspensions for the up and down 
protocol. RBC suspensions without dextran have a rather constant viscosity. The slight 
increase at low shear rates can be attributed to the resolution limit of the rheometer. With 
increasing dextran concentrations the viscosities increase as well and the shear thinning 
becomes more pronounced. The down  protocol leads to slightly larger viscosities at low shear 
rates and smaller error bars which allowed, at least in principle, to extend the range of shear 
rates down to 0.01 s-1.  However, for a better comparison we did evaluate both data sets only 
in the range of shear rates from 0.1 to 100 s-1. Plotting the viscosities for a given shear rate 
versus the concentration of the dextran in the stock solution (Fig. 3 (b) and (d)) reveals 
already a non monotonic behavior at least at very low shear rates. The increase in viscosity 
with increasing polymer concentration follows both from the formation of aggregates and the 
increase of the viscosity of the suspending phase (the stock solution) and in the following we 
will try to separate these two effects. 
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shear rate only in amplitude while the position of the maximum remains at 60 mg/ml. We 
should mention that this maximum is in good agreement with our qualitative observations of 
the microscopic index where we find also the maximum numbers of aggregates at 60 mg/ml. 
It is worth mentioning that these results are compatible with what is observed in colloidal 
systems (Lin et al. 2015). In this case it was found by the shear reversal technique that in a 
shear thickening suspension of hard micro-spheres at ~45 vol% both hydrodynamic coupling 
and contact forces contribute to the viscosity. However, it was concluded that only the contact 
forces cause shear thickening. Here we have a much higher concentration (80 vol%), but no 
shear thickening which we attribute to the flexibility of the cells that prevents jamming, just 
like in the case where the RBC´s pass capillaries that are smaller than their diameter without 
blocking them. 
Understanding the rheology and Non-Newtonian fluid mechanics is an important task for the 
development of predictive tools of e.g. heart and circulatory diseases. The numerical 
simulation of blood flow has become more realistic nowadays, but the need well controlled 
quantitative experimental data on the rheology which we hope to provide with this study. 
Furthermore, there is still search for the ideal plasma expander, and only a sound 
understanding of the rheological effects that are introduced by the used polymers will allow to 
understand and to avoid any pathological consequences. Dextran was used for a long term to 
expand the human plasma and it is still used in veterinary medicine. Due to the fact, that 
dextran induced substantially problems after applications in humans, it was - even if it still not 
legally forbidden to use it - substituted by another polysaccharide, namely hydroxyethyl 
starch (HES) (Lambke and Liljedahl 1976, McCahon and Hardman 2006, Adamik et al. 
2015). However, even here serious problems have been identified and therefore it was 
evaluated as useful for certain patients only who do not have additional diseases (Wiedermann 
2014). As dextran is still supposed to be rather inert regarding its biological effect on cells, 
the pathological effects of dextran are likely purely physical or rheological and we hope that 
our study will help to better understand the rheological consequences of the use of dextran as 
a plasma expander. 
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